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Abstract: This article analyses the factors affecting the cost of electricity from geothermal power plants. Geothermal power is a capital-
intensive technology and the installation costs are highly site sensitive. The costs of geothermal electricity are influenced by the thermal 
properties of the reservoir, the costs of site exploration and wells drilling, the number and depth of the wells, the power plant type. The 
choice of the power plant type depends on the properties of the geothermal resource, its temperature, quantity and quality. Being site- and 
technology-dependent, the installation costs for geothermal power may be as low as 2000 US$/kW and as high as 7000 US$/kW, with the 
global weighted average at 4000 US$/kW. This wide range of installation costs translates into levelized cost of electricity (LCOE) between 
40 US$/MWh for upgrade and expansion projects and 170 US$/MWh for greenfield projects. The global weighted average LCOE is 
estimated at 70 US$/MWh. Further costs reductions may be accomplished through the research and development of more innovative and 
low-cost techniques for site exploration and drilling as well as with advanced exploitation methods for geothermal reservoirs. 
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1. Introduction 
Geothermal energy is a renewable source of energy utilized for 

electricity generation and thermal energy supply. For electricity 
generation, medium- and high-temperature geothermal resources 
are necessary while the most-abundant low-temperature resources 
are used for the heating of buildings or agricultural and fish farms. 
Geothermal power plants rely on well-developed technologies for 
the utilization of conventional geothermal resources such as dry 
steam, flash plants (single, double and triple), binary plants, 
combined-cycle and hybrid plants. However, as high-quality 
geothermal resources become fully exploited, alternative deeper 
geothermal resources could be accessed through the research and 
development of advanced geothermal systems. The total global 
installed geothermal power capacity has been steadily increasing in 
the last decade: 10.9 GW in 2010, 12.3 GW in 2015, 16.0 GW in 
2020 and it is expected to reach 20 GW by 2025 [1]. The technical 
potential for geothermal power is estimated at 200 GW (IPCC, 
2011). This potential could be realized in the future with the use of 
advanced reservoir exploration and drilling methods as well as with 
the development of advanced geothermal technologies.  

The global generated electricity from geothermal power plants 
was 96 TWh in 2020, which amounts to 0.35% of the global 
electricity generation. Table 1 gives the full list of all the countries 
generating electricity from geothermal resources. For comparison, 
the total global wind power capacity of 622.7 GW generated 1429.6 
TWh of electricity while the total global solar power capacity of 
586.4 GW generated 724.1 GWh of electricity in 2020 [2]. 
Although solar and wind energy are renewable sources with the 
highest annual installation rates, the advantage of geothermal 
energy is its year-long availability, with less degree of variability 
and intermittence. The equivalent number of full-load hours is 5938 
for geothermal, 2295 for wind and 1235 for solar energy, over a 
one-year-time with 8760 hours.  

Geothermal energy offers vast possibilities for clean and 
sustainable energy generation and supply, at acceptable costs and 
low emissions of greenhouse gases. Cost-wise, geothermal power 
plants are becoming increasingly competitive, and the installation 
costs are expected to continue to drop in the following decades. The 
average investment costs for geothermal power plants are 
approximately 4000 US$/kW per unit of installed capacity, whereas 
the exact costs are highly site-sensitive and also depend on the 
technology and project type [3]. The geothermal cost range is 
generally between 2000 and 6000 US$/kW, with binary cycles that 
are generally more expensive than direct dry steam and flash steam 
units. The weighted average levelized cost of electricity (LCOE) for 
geothermal power plants was 73 US$/MWh, which is slightly 
higher than the LCOEs of most other renewable energy sources: 
47 US$/MWh for hydropower, 53 US$/MWh for onshore wind, 
60 US$/MWh for biomass, 68 US$/MWh for solar photovoltaics, 

115 US$/MWh for offshore wind and 182 US$/MWh for solar 
concentrators [4]. Emission-wise, geothermal power plant operate 
with specific CO2 emissions in the range between 20 and 57 
kg/MWh, comparable to other renewable energy sources. The 
carbon footprint from solar PV power is between 29 and 80 
kg/MWh, from wind power it is between 8 and 20 kg/MWh while 
large hydro power plants achieve the lowest CO2 emissions – in the 
range between 3 and 7 kg/MWh [5]. 

Beside high resource availability and low-cost/low-emission 
electricity generation, geothermal power presents several more 
advantages. Geothermal energy is not affected by the rising energy 
prices and the gradual depletion of fossil fuels, it contributes 
reducing a country’s dependence on import fossil fuels, it poses no 
risks to the public health or to the environment, it can be operated 
both for base-load or peak-load electricity generation, and it 
achieves high capacity factors at flexible and reliable operation. 

Table 1: Net installed capacity and generated electricity from  
geothermal power plants by country in 2020 [1] 

Country Net installed  
capacity, MW 

Generated  
electricity, GWh 

USA 3700 18 366 
Indonesia 2289 15 315 

Philippines 1918 9 893 
Turkey 1549 8 168 
Kenya 1193 9 930 

New Zealand 1064 7 728 
Mexico 1006 5 375 

Italy 916 6 100 
Iceland 755 6 010 
Japan 550 2 410 

Costa Rica 262 1 559 
El Salvador 204 1 442 
Nicaragua 159 492 

Russia 82 441 
Guatemala 52 237 

Chile 48 400 
Germany 43 165 
Honduras 35 297 

China 35 175 
Portugal 33 216 
France 17 136 
Croatia 16.5 76 

Papua New Guinea 11 97 
Ethiopia 7.3 58 
Hungary 3 5.3 
Austria 1.3 2.2 

Belgium 0.8 2.0 
Australia 0.6 1.7 
Taiwan 0.3 2.6 

TOTAL 15 950 95 100 
 



2. Geothermal power technologies 
Ranked by global market share, the most utilized geothermal 

power technologies are: 1) flash steam: 58%, 2) dry steam: 26% and 
3) binary cycle: 15%. Flash steam units use high-pressure and high 
temperature (>180 °C) hot water that boils into steam inside high- 
and low-pressure separator tanks. The steam expands in the turbine 
and the mechanical work drives the electric generator. Dry steam 
units use exclusively dry geothermal steam with temperatures 
higher than 150 °C, which is directly expanded in the turbine. 
Condensed water is pumped back into the geothermal reservoir by 
means of injection wells. Binary cycle units operate with 
geothermal temperatures between 60 °C and 200 °C in double loop 
configuration. The geothermal fluid flows inside the primary loop 
while the working fluid flows in the secondary loop. The primary 
loop supplies heat to the secondary loop, which is in fact an Organic 
Rankine Cycle (ORC). The selection of the working fluid depends 
on the geothermal temperature and the cycle configuration [6-7]. 
Most recently, hybrid cycle units are being tested at the prototype 
stage. These geothermal power plants are going to combine low-
temperature ORC cycle to utilize the heat that would otherwise be 
wasted from flash steam or dry steam units. Using two combined 
cycles ensures higher thermal efficiency than in single cycles. 

Advanced geothermal power technologies are currently being 
researched and developed to take advantage from resources that 
would otherwise be wasted. These technologies encompass: 1) low-
temperature bottoming cycle, 2) cogeneration, 3) co-production and 
4) supercritical geothermal resources. In low temperature bottoming 
cycles geothermal flash units are retrofitted with low-temperature 
bottoming cycles. Flash steam configurations are generally 
employed when dealing with high-enthalpy geothermal resources. 
In a flash steam unit plant, the steam exiting the turbine is reinjected 
into the geothermal reservoir. However, the temperature of this 
steam is suitable for additional power generation in a binary cycle 
turbine, which would increase the overall net electricity generation. 
In cogeneration, geothermal power plants are coupled to district 
heating or agricultural/farming applications for the use of low-
temperature heat (less than 100 °C) that would be otherwise wasted 
in cooling towers. In co-production, hybrid power plants use 
geothermal energy combined to different heat sources such as 
concentrating solar, biomass or industrial waste heat. This 
additional heat would be added to the geothermal fluid increasing 
the temperature and the output of the electricity generating unit. For 
example, the Stillwater power plant is a triple hybrid geothermal 
and solar CSP/PV unit in Nevada, USA. It consists of a 33.1 MW 
geothermal power plant, a 26.4 MW solar PV power plant, and a 2 
MW solar CSP thermal power plant. This triple hybrid power plant 
combines the continuous capacity of a medium enthalpy geothermal 
binary cycle with solar PV and solar thermal to generate 241 GWh 
of electricity annually. In Tuscany, Italy, a hybrid biomass-
geothermal power plant uses biomass heat to increase the 
temperature of the geothermal brine and thus the thermal efficiency 
of the power plant. The 20 MW geothermal power plant uses the 
additional 6 MW of biomass capacity to boost electricity production 
and cycle efficiency by rising the geothermal steam temperature 
from 150 °C to 370 °C before the turbine inlet.   

 
Fig. 1. Aerial view of the Stillwater triple hybrid geothermal-solar  

power plant, Nevada, USA. 

Supercritical geothermal resources are high-temperature resources 
where the geothermal fluid is in the supercritical state, above 374 
°C and 221 bar for water. These geothermal resources are currently 
the subject of ongoing research and are expected to enter 
commercial operation in the future. Compared to conventional 
geothermal resources, supercritical resources are capable of 
achieving higher well productivities, better cycle efficiency and 
more electricity generation [7]. The Iceland Deep Drilling Project 
found a high-temperature well capable of producing superheated 
steam at 450 °C, at a rate of 0.7 m3/s, sufficient for an estimated 45 
MW of electricity generation. This exploratory well found a magma 
reservoir at 2100 meters, after it was initially planned to drill down 
to hot rock below 4000 meters. The aim was to improve the cost-
effectiveness of geothermal power. The second high-temperature 
well, also drilled in Iceland, found a supercritical geothermal fluid 
with a temperature of 427 °C and a pressure of 340 bar, at a final 
depth of 4,659 meters. Supercritical wells can exploit the steam 
directly from the reservoir or the reverse approach could also be 
used. This would mean injecting the fluid into the high-temperature 
reservoir to enhance the performance of the existing conventional 
geothermal power plant. 
 

A substantial fraction of the geothermal potential is located at 
drilling depths greater than for typical geothermal projects, in the 
excess of 3000 meters’ depth. The exploitation of geothermal 
resources depends on the presence of permeable aquifers, which 
allow for the drawing of hot water through them. At greater depths, 
the soil becomes less porous and the water flow is reduced. 
Research projects are being carried out to overcome this limitation. 
Production and injection wells can be connected through artificial 
fractures created by the injection of water and a small amount of 
chemicals at high pressure to stimulate formation of fractures in the 
hot bedrock, a process known as hydraulic fracturing. After 
supplying heat to the geothermal binary cycle, the geothermal brine 
is reinjected into the reservoir to keep the pressure and production 
stable. This also prevents the emission of CO2 and other harmful 
gases into the atmosphere during the service life of the geothermal 
power plant.  

 

3. Barriers to geothermal development 
The principal barriers to the development of geothermal power 

are financial, social, environmental and administrative. Geothermal 
power projects are capital-intensive, especially due to the cost of 
exploration drilling, for which it can be difficult to obtain long-term 
bank loans. Geothermal exploration is considered a high risk phase, 
which could potentially result in failure, and developers may have 
to obtain some form of prior public funding. This risk derives from 
the fact that capital is required before the resource exploitability is 
confirmed, and before the project profitability can be assessed. The 
risk to private developers can be mitigated in a number of different 
ways. For example, risk-sharing between private developers and 
public companies may be a possible solution when both parties are 
interested in exploiting the geothermal resource [4]. Geothermal 
resource information such as seismic and drilling data may be made 
available by local authorities to attract more interest from private 
developers and accelerate the realization of geothermal projects. 

Other barriers include environmental concerns, social 
disapproval and administrative constraints. For instance, a 
geothermal project may be delayed or even cancelled after 
discussions and negotiations with local groups, land owners and 
authorities, which may be concerned about the social and 
environmental impact of the project. Administrative barriers include 
unwanted project delays due to the issuance of exploration licenses 
and drilling permit. Furthermore, different countries might have 
different procedures and regulations for assessing the environmental 
and social impact, which is mandatory in most cases. Local 
authorities and state governments should establish transparent 
regulations and effective procedures in order to attract more project 
applications and avoid unwanted project delays.   



As far as it concerns the environmental impact, the geothermal 
fluid drawn from the deep reservoir typically contains a mixture of 
gases, carbon dioxide (CO2), hydrogen sulfide (H2S), methane 
(CH4), ammonia (NH3), and radon (Rn). These gases contribute to 
the global greenhouse effect, acid rain formation and noxious smells 
[8]. Geothermal power plants generate electricity at a total life-cycle 
emission of 45 kgCO2/MWh, on average. Geothermal power plants 
with high levels of acid compounds and volatile chemicals in the 
geothermal fluid are usually equipped with emission-control 
systems and use fluid reinjection into the reservoir. For example, 
the CarbFix project captures and stores 200 tons of CO2 per year 
into the subsurface at the site of the Hellisheiði geothermal power 
plant in Iceland. The CarbFix project is capable of capturing 68% of 
the H2S and 34% of the CO2 produced in the geothermal power 
plant. The CO2 is captured as a dissolved phase in water and 
injected to a depth of 750 meters underground into the basaltic rock, 
where it reacts with the host rock to form stable carbonate minerals, 
thus providing for safe, long-term storage of the captured CO2. 
Research results showed that 95% of the injected CO2 was 
permanently solidified into calcite within 2 years, using 25 tonnes 
of water per tonne of injected CO2. The carbonated water is injected 
into the subsurface where carbon-fixing reactions with calcium 
oxide (CaO), magnesium oxide (MgO) and silicate minerals 
(Mg2SiO4) solidify the carbon dioxide (CO2):  

CaO + CO2 → CaCO3 

MgO + CO2 → MgCO3 

Mg2SiO4 + 2CO2 → 2MgCO3 + SiO2 

The cost of drilling and injecting carbonated water at high 
pressures into the basaltic rock was estimated at 25 US$/ton. At the 
downside, injection of carbonated water requires substantial 
amounts of water and the presence of carbon-fixing rocks, which 
may not be available in all localities. Furthermore, the injection of 
pressurized water into the subsurface may induce seismic activity in 
the area. Another example is the Kizildere geothermal power plant 
in Turkey, where the carbon dioxide from the geothermal fluid is 
processed into dry ice. The annual dry ice production in Kizildere is 
80,000 tons while the hot geothermal fluid is used to heat 50 acres 
of agricultural greenhouse spaces and 2,500 households before 
being reinjected into the geothermal reservoir. 

Beside containing dissolved acid gases, the hot geothermal fluid 
sources may hold trace amounts of toxic chemicals such as mercury 
(Hg), boron (B), arsenic (As) and antimony (Sb) [8]. If released into 
the atmosphere, these chemicals can cause damage to ecosystems. 
Generally, the environmental impact of geothermal power is much 
lower than that of conventional fossil fuel power. For instance, the 
land requirement of geothermal units per unit of generated 
electricity is 400 m2/GWh while that of coal power plants is five 
times as much (1500 m2/GWh). The freshwater use of geothermal 
units is 20 m3/GWh while that of fossil fuel power plants is more 
than fifty times as much (1000 m3/GWh). 

 

4. The cost of geothermal electricity 
On the one hand, geothermal power projects are capital 

intensive but, on the other hand, they have low maintenance and 
operating costs. The capital investments comprise the costs of 
project development, the resource exploration and assessment, the 
drilling of exploratory boreholes, the drilling and construction of 
production and injection wells, the construction of collection and 
disposal systems for the geothermal fluid, the construction of the 
power plant infrastructure and grid connection costs. Furthermore, 
the costs of geothermal projects are site- and technology-sensitive, 
meaning that they depend largely on the power plant type, the well 
productivity and other characteristics of the geothermal field. 

The specific investment costs per unit of installed geothermal 
capacity are typically in the range between 2000 US$/kW and 5000 
US$/kW, for most projects but may be as high as 7000 US$/kW for 

advanced geothermal systems and binary cycles. The lower end of 
the cost range is for retrofit and upgrade of existing geothermal 
power plants while the upper end of the cost range is for more 
challenging site conditions and geothermal reservoir properties. 
Generally, installation costs for binary cycle geothermal power 
plants are higher than those for direct steam and flash steam 
geothermal power plants, as shown in Figure 2. For instance, the 
first geothermal power plant in Croatia, a 13.5 MW binary cycle, 
was commissioned in early 2019 at a total investment cost of €44 
million, corresponding to specific costs of 3260 €/kW (4000 
US$/kW). The generated electricity is 82 GWh per year, at average 
capacity factor of 70%, equivalent of 6100 full load hours [9-10].  

 

 
Fig. 2. Installation costs for geothermal energy by type of  

technology and project size, 2010-2020 [3]. 
 

 
Geothermal energy installation costs are within the costs range 

of other renewable energy sources, as shown in Figure 3. For 
instance, the average installation costs of geothermal energy are 
higher than those for onshore wind (1070 US$/kW), rooftop solar 
PV (1646 US$/kW) and utility solar PV (1130 US$/kW), hydro 
power (1704 US$/kW) and biomass (2140 US$/kW), comparable to 
the costs of offshore wind (4100 US$/kW) and lower than the costs 
of solar CSP (5770 US$/kW) [4]. Due to the ongoing research and 
further development of geothermal technologies and system 
components, geothermal installation costs are expected to drop by 
30% in the following decades. 

 
 

 
 

Fig. 3. Comparison of installation costs for geothermal power and  
other renewable sources for electricity generation, 2020. 

 
 
In the last decade, the levelized cost of electricity (LCOE) for 

geothermal power varied between 40 US$/MWh for second-stage 
upgrade and expansion projects to as high as 150 US$/MWh for 
greenfield projects in remote areas. In the overall LCOE, operation 
and maintenance (O&M) costs are estimated between 10 and 20 
US$/MWh. The global weighted-average LCOE increased from 50 
US$/MWh in 2010 to around 70 US$/MWh in 2020, although 
annual weighted-averages are quite variable, as shown in Figure 4. 



 
Fig. 4. Levelized cost of electricity (LCOE) for geothermal energy by type  

of technology and project size, 2010-2020 [3]. 
 
 
Although total installation costs of geothermal power are higher 

than those for other renewable energy sources, the high capacity 
factors of geothermal power plants reduce the specific costs of 
electricity generation. For comparison, the average levelized cost of 
electricity (LCOE) for geothermal electricity is 73 US$/MWh while 
those for the other renewable sources are: 67 US$/MWh for onshore 
wind and 117 US$/MWh for offshore wind, 105 US$/MWh for 
utility PV and 138 US$/MWh for rooftop PV, 47 US$/MWh for 
hydro power, 66 US$/MWh for biomass, 182 US$/MWh for solar 
CSP [3], as shown in Figure 5. 

 
 

 
 

Fig. 5. Comparison of LCOEs for geothermal power and  
other renewable sources, 2020. 

 
 

Generally, the costs of geothermal electricity are affected by a 
number of different categories such as the thermal properties of the 
reservoir, site exploration and wells drilling, the number and depth 
of the wells, the power plant type, the construction of the necessary 
infrastructure. The estimated cost breakdown for a flash steam 
power plant in the EU, with total installation costs of approximately 
3000 US$/kW is as follows: 1) the costs of the power plant 
infrastructure amount to 56% of the total installation costs, 2) 
exploratory wells, production and injection wells account for 21% 
of the total costs, 3) project management and engineering 
supervision accounts for 12% of the total costs, 4) connection to the 
local grid costs 7% and 5) the costs of insurance are 4%. The cost 
breakdown for a binary cycle power plant in the EU, with total 
installation costs of 4000 US$/kW is similar to that of the flash 
steam power plant: 1) the power plant infrastructure costs 55%, 2) 

the costs of exploratory wells, production and injection wells are 
30%, 3) project management and engineering supervision costs are 
7%, 4) grid connection costs 5% and 5) the insurance costs are 3%. 

 

5. Conclusions 
Geothermal projects are capital-intensive, especially because of 

the high costs of exploratory wells and geothermal resources 
assessment, for which it can be difficult to collect the necessary 
funding. The risk to private developers can be mitigated with risk-
sharing schemes between them and public companies. Geothermal 
resource information such as seismic history and drilling data may 
be made available by local and state authorities. Other barriers 
include administrative constraints, environmental concerns and 
social disapproval. For instance, a geothermal project may be 
delayed after discussions with local groups, land owners and 
authorities, which may be concerned about the social and 
environmental impact of the project. Administrative barriers include 
unwanted project delays due to the issuance of exploration licenses 
and drilling permits. Local authorities should establish transparent 
regulations and effective procedures in order to attract more project 
applications. The interest in the development of geothermal projects 
could be accelerated if these barriers are removed or at least 
mitigated, and effective business procedures are established. 

The total global geothermal capacity is expected to continue 
growing in the years to come. The global generated electricity from 
geothermal energy was 96 TWh in 2020, which amounts to 0.35% 
of the global electricity generation. However, the technical potential 
of geothermal energy is much higher, capable of supplying up to 
5% of the global electricity demand. As of 2020, the average 
installation costs in geothermal power plants are approximately 
4000 US$/kW while the levelized cost of electricity generation 
(LCOE) is 73 US$/MWh, which is comparable or even better than 
the costs for other renewable energy sources. 

6. References 

1. G.W. Huttrer, Geothermal power generation in the world 2015-
2020 update report, Proceedings World Geothermal Congress 
2020, Reykjavik, Iceland, April 26 – May 2, 2020. 

2. BP Statistical Review of World Energy 2020, 69th edition, 
London, UK, 2020. https://www.bp.com/en/global/corporate/ 
energy-economics/statistical-review-of-world-energy.html 

3. IRENA: Geothermal Power: Technology Brief, International 
Renewable Energy Agency, Abu Dhabi, UAE, 2017. 

4. IRENA: Renewable Power Generation Costs in 2019, 
International Renewable Energy Agency, Abu Dhabi, UAE. 

5. W. Moomaw, P. Burgherr, G. Heath, M. Lenzen, J. Nyboer, A. 
Verbruggen, Annex II in IPCC: Special Report on Renewable 
Energy Sources and Climate Change Mitigation, 2011.  

6. F.A. Latrash, B. Agnew, M.A. Al-Weshahi, N.M. Eshoul, 
Optimal Selection of Using Fluids (HFC, HCFC, HFC) for an 
Organic Rankine Cycle Utilizing a Low Temperature 
Geothermal Energy Source, 5th International Conference on 
Environment Science and Engineering, Vol. 83 (2015). 

7. R. DiPippo: Geothermal Power Plants: Principles, Applications, 
Case Studies and Environmental Impact, 4th Edition, 
Butterworth-Heinemann, Waltham, MA, USA, 2016. 

8. M. Bošnjaković, M. Stojkov, M. Jurjević, Environmental 
impact of geothermal power plants, Technical Gazette (2019), 
26 (5), 1515-1522. 

9. M. Guercio, J. Bonafin, The Velika Ciglena geothermal binary 
power plant, Proceedings of the 6th African Rift Geothermal 
Conference, 2-4 November 2016, Addis Ababa, Ethiopia. 

10. M. Predovan, P. Blecich: Thermodynamic analysis of a 17.5 
MW geothermal power plant operating with binary Organic 
Rankine Cycle, XVIII International Scientific Congress 
Machines. Technologies. Materials - Proceedings 2021, (ed. 
Popov, G.), Borovets, Bulgaria, 63-66. 


